M
ULTIPLE causes of hydrocephalus have long been recognized, ~,5,6,9,12 and the importance of recognizing the etiology in any individual case has been emphasized. 5 Whereas 2 obstructive lesions in the cerehrospinal fluid (CSF) system have been demonstrated in single cases of hydrocephalus, reports of patients in whom the site of the CSF obstruction has shifted during treatment (shunting operation) are rare. 4 In our chronic care program involving about 200 hydrocephalic children, periodic evaluations have been carried out over the past 7 years in an effort to determine the efficacy of the ventriculo-atrial shunt in the control of hydrocephalus as well as to assess the intellectual capacity of hydrocephalic children in whom the process has been held in abeyance by chronic shunting of the CSF. A variety of complications of this prolonged treatment have occurred; on occasion recurrent septicemia has necessitated removal of the ventriculo-atrial shunt. In 1 of these cases fractional air study demonstrated only large ventricles; because the original diagnosis had been communicating hydrocephalus, a lumbar subarachnoid to ureter CSF shunt was established. The result was nearly fatal. Within 48 hours there were signs of brain herniation at the tentorial notch and at the cisterna magna. Quick review of the films showed that the child no longer had a communicating hydrocephalus but rather an aqueductal occlusion, demonstrated on the pneumoencephalogram but not correctly interpreted on the first reading. Immediate revision to a ventriculo-ureteral shunt resulted in prompt progressive improvement. Comparison of the original pneumoencephalogram study with the follow-up study indicated that the communicaring hydrocephalus had in fact converted to an aqueductal occlusion during the 1 89 years the ehild had a ventriculo-atrial shunt. It was this realization which prompted more critical investigation of the morphology of the CSF systems in children with functioning ventrieular shunts. The result was the discovery of 12 patients in whom communicating hydrocephalus had converted to an aqueductal stenosis or aqueductal occlusion during chronic ventriculo-atrial shunting. Since this occurred in a series of 27 cases of communicating hydrocephalus, the high rate of conversion became a matter of some concern and was more fully investigated.
Methods
Our initial work-up of infants and children suffering from hydrocephalus has always included pneumoencephalogram or combined pneumoeneephalogram-ventriculogram, using air or CO2 gas. In this way tile site of the CSF system obstruction has been clearly identified in all patients prior to shunting the CSF via a ventriculo-atrial shunt, l~ The subsequent examinations have been periodic and have included "bubble" ventriculograms as well as RISA clearance studies 2 in a continuing effort to evaluate the long-term results of this treatment. In le cases of communicating hydrocephalus due to obstruction of the CSF system in the basal cisterns, x-ray techniques have demonstrated change in the size of the aqueduct or its patency for gas. Both retrospective review of films and specific new air studies have been used to demonstrate aqueductal changes. Positive contrast material was not used. In most instances, pneumoencephalography by lumbar puncture was the procedure of choice and was satisfactory in demonstrating the change, but in cases ventriculography with appropriate position- Tables 1 and 2 . Diagnostic method (fractional pneumoencephalography) for showing 4th ventricle and aqueduct: A. Initial pneumoencephalogram, upright lateral view during air injection--gas passing through 4th ventricle (2) into aqueduct (3) and 3rd ventricle (4). B. Same study, "brow-up" lateral view showing basal cistern obstruction to gas (1) with gas in the lateral ventricles (4) and no hold-up in the aqueduct (3) or 4th ventricle (2) . Diagnosis: communicating hydrocephalus. C. One and one-half years later--"brow-down" lateral view pneumoencephalogram shows gas in 4th ventricle (2), aqueduct (3), and 3rd ventricle (4) ing demonstrated the aqueduct changes when the pneumocncephalographic study had failed for technical reasons. Pneumoencephalograms on patients with functioning ventriculo-atrial shunts were done with the patient under heavy sedation or general anesthesia. In most instances, fractional studies were done with CO2. Appropriate positioning and manipulation of the head was carefully carried out to fill the 4th ventricle and aqueduct. The study was not considered satisfactory unless the 4th ventricle was filled with gas. Every effort was made to achieve passage of the gas from the 4th ventricle up the aqueduct into the 3rd and lateral ventricles. Tomography was used as needed. Head manipulation was done in a specific manner so t h a t gas retained in the 4th ventricle when the head was in the "brow-up" position was indicative of obstruction in the aqueduct.
The gas studies were done under normal intraventHcular pressure; either the ventriculo-atrial shunt was functioning, or, if shunt failure was a problem, prior ventricular tap and CSF release had established a normal pressure. Thus, increased intracranial pressure was not a factor in the failure of gas to fill the aqueduct.
These studies were done at varying times following the initial diagnosis of communicating hydrocephalus, and the time interval varied depending on the age of the child at the time of the initial shunt. The frequency of the studies, therefore, does not accurately reflect the rate of production of the stenotic changes. I t should be kept in mind that many of these children had had multiple ventricular punctures during their course of treatment and were under observation because of the need for pressure recording, or revision of the shunt, or incident to ventricular RISA clearance studies. Fig. 1 demonstrates our diagnostic use of fractional pneumoencephalography. The initial study (A) shows a partial block to CSF in the basal cisterns with only minimal subarachnoid gas over the hemispheres associated with a well-outlined 4th ventricle and aqueduct, indicating a communicating hydrocephalus. In the same study the "brow-up" lateral view (B) shows the basal cistern obstruction to gas and the advanced dilatation of the lateral ventricles filled through the aqueduct. After 1 89 years of CSF shunting (C), the "brow-down" lateral view pneumoencephalogram clearly shows the 4th ventricle and aqueduct with the gas having passed easily into the 8rd and lateral ventricles. There is also some suggestion of an increased amount of gas in the cerebral subarachnoid spaces. This method of fractional pneumoencephalography utilizing many head positions was carried out in all cases, with the positioning efforts always directed toward maximum filling of the aqueduct and subarachnoid spaces.
Results
F o l l o w -u p air studies d e m o n s t r a t e d t y p e s of a q u e d u c t changes in these 1~ p atients. A q u e d u c t a l stenosis was p r e s e n t in 6 p a t i e n t s . I n t h e s e t h e air s t u d y showed gas in t h e v e n t r i c l e ; t h e a q u e d u c t was visible b u t v e r y s m a l l a n d gas p a s s e d t h r o u g h it into t h e 3rd v e n t r i c l e only w i t h difficulty in spite of i m a g i n a t i v e efforts a t h e a d positioning.
T a b l e 1 r e c o r d s t h e p n e u m o e n c e p h a l og r a p h i c findings in 6 p a t i e n t s who, d u r i n g v e n t r i c u l a r s h u n t i n g , c o n v e r t e d f r o m a comm u n i c a t i n g h y d r o c e p h a l u s to an a q u e d u c t stenosis ( w i t h o u t c o m p l e t e occlusion). Figs. a
n d 3 d e m o n s t r a t e t y p i c a l x -r a y findings in this g r o u p . T h e t i m e i n t e r v a l from t h e initial d i a g n o s i s of c o m m u n i c a t i n g h y d r oc e p h a l u s u n t i l a stenosis was d e m o n s t r a t e d
Fro. 2. Conversion of communicating hydrocephalus to aqueductal stenosis (6 89 years); near-fatal result following shunt removal, requiring shunt re-establlshment. A. Initial pneumoencephalogram: gas passes easily, completely through aqueduct into lateral ventricles (4); no hold-up of gas in aqueduct (8) or 4th ventricle (2); block in basal cisterns (1) . Diagnosis: communicating hydrocephalus. B. Four years after shunting: "brow-down" lateral view pneumoencephalogram shows 4th ventricle (2), aqueduct (3), and Srd ventricle (4) . Communicating hydrocephalus still present with CSF block in basal cisterns (1). C. Six and one-half years after shunting: upright lateral view pneumoencephalogram shows marked narrowing of aqueduct (3), but gas passed into 3rd ventricle (4) (slowly). CSF block in cisterns persists. Note general collapse of ependymal walls of lateral ventricles. Diagnosis: stenosis of the aqueduct acquired.
FIo. 3. A. "Brow-down" position pneumoencephalogram, 7 months after shunting. Gas passes from large 4th ventricle (2) via aqueduct already narrowed (8) into 3rd ventricle (4) and lateral ventricles. B. Six and one-half years later, upright pneumoencephalogram shows a much smaller 4th ventricle (~) with a very narrow aqueduct (3) producing very slow filling of the 3rd (4) and lateral ventricles. Diagnosis: Aqueduct stenosis, acquired.
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varied from 1 89 years to 7 years, but it must be kept in mind t h a t the stenosis m a y have been there undetected for some time. Table  1 shows under " P r e s u m e d Etiology of Communicating Hydrocephalus" that 3 of the children had proven bloody CSF at birth, 3 were p r e m a t u r e babies, and 1 had tuberculous meningitis at ~ 89 years of age (Fig. 3 ) -- Table ~ shows the pneumoencephalographic p a t t e r n in 6 cases in which communicating hydrocephalus was converted to an aqueductal occlusion during ventricular CSF shunting. Five of these patients were children and one was an adult. F o u r of the children had been p r e m a t u r e babies with bloody CSF, one had a normal gestation but was cyanotic at birth. T h e adult had a subarachnoid hemorrhage from an intracranial aneurysm at ~9 years of age; this produced the expected communicating hydrocephalus (Fig. 4 ).7.s T h e time interval before occlusion of the aqueduct was demonstrated by CO2 pneumoencephalography varied from 1 to 8 years. Table 3 shows the age of the patients at the time of the initial ventriculo-atrial shunt for communicating hydrocephalus. Six children were operated on in the first 3 months of life, 4 in the 3rd to 9th month, one at 4 years of age and one adult at ~9 years of age. Table 4 lists the possible etiologic factors in the initial communicating hydrocephalus. I t might be t h a t progression of the communicating hydrocephalus to an aqueduct stenosis or occlusion is simply a continuation of of the basic process which had produced the original hydrocephalus. Six p r e m a t u r e babies had bloody CSF at the time of birth, 1 had blood in the brain ventricles at birth, and were cyanotic at the time of birth (highly suggestive of brain trauma). T h e single adult developed a communicating hydrocephalus following subarachnoid hemorrhage from a ruptured a n e u r y s m ; and one young boy had tuberculous meningitis with a basal arachnoiditis as the cause of communicating hydrocephalus. Table 5 lists the possible etiologic factors in the acquired aqueduct changes which occurred during the CSF shunting. All of these patients were under periodic check-up ex- aminations to determine the functional status of the shunt and to m a k e related observations. Eleven of the patients h a d multipie ventricular taps which m a y h a v e produced ependymal t r a u m a and bleeding into the CSF. Five of these had at least ~ ventricular taps during the interval and 6 h a d 3 ventricular taps or more. These taps were done to measure ventricular pressure when a malfunctioning shunt was suspected a n d in some instances R I S A was injected in t h e ventricles in an effort to determine the s t a t u s of the hydrocephalus as well as the shunt? Shunt revisions in which the ventricular catheter was manipulated or replaced occurred in 7 of the patients, and in only 4 were no shunt revisions done during this interval. Pneumoencephalograms or "bubble" ventriculograms were done in 7 of these patients. T h e gas used was CO2 in almost all instances t h o u g h on occasion a small amount of air was injected for a fractional study or for cerebral m a n t l e depth measurements. I n only one child was a ventricular dye s t u d y done with phenolsulphonphthalein ( P S P ) 2 I n ~ instances it was felt we had clear x-ray evidence of ependymal t r a u m a f r o m a ventricular catheter which had been placed against the wall of the ventricle. I n cases collapse and "corrugating" of the ventricular wall occurred secondary to resolution of the ventriculomegaly by a functioning ventriculo-atrial shunt (Fig. 2) .
I n 5 patients, infections were prominent during this interval. Three children had septicemia, and 2 of these had cells in the yen- In ~ other patients, however, ventriculitis secondary to bacterial organism was present.
In the 29-year-old man, a ventriculo-mastoid shunt had been done to treat the communicating hydrocephalus and 4 or 5 episodes of ventriculitis occurred secondary to contamination of the CSF space by retrograde contamination from the mastoid air cells (presumptive). Prompt antibiotic treatment produced rapid clinical resolution, however.
Discussion
Presumably aqueductal changes in these 11 children are similar to those already studied and reported ~ in an adult who suffered subarachnoid hemorrhage from an intracranial aneurysm, and developed the symptoms and pneumoencephalographic changes of communicating hydrocephalus (Fig. 4) . He was treated by prolonged ventriculo-mastoid shunt, and at postmortem 6 years later there was an occlusion of the aqueduct with acquired "forking" (Fig. 5 ) which prevented passage of fluid from the 4th ventricle to the 3rd ventricle. This patient had had several FIG. 5 . Microscopic appearance (cross-section) of aqueduct in Fig. 4, 6 years after ventriculo-mastoid shunt for communicating hydrocephalus. Death by coronary thrombosis. "Forking" of the aqueduct is present with complete occlusion. Similarity to so-called "congenital forking of the aqueduct" is striking.
episodes of inflammatory ventriculitis and the acquired occlusion of the aqueduct was probably secondary to the inflammatory ependymal reaction to recurrent ventriculitis associated with reduced flow of CSF through the aqueduct.
During active hydrocephalus, the cuboidal, ciliated ependymal ceils of the ventricle wall become flattened from the effects of ventricular enlargement. As hydrocephalus progresses, the cells are further flattened and actually separated from each other, thereby producing interstices between the ependymal cells. Whereas this effect has been demonstrated only in the lateral vent14cles during hydrocephalus, it seems logical to expect t h a t the same phenomenon occurs in the lining cells of the aqueduct during the progressive ventriculomegaly of communicating hydro-cephalus. When the pulsatile, dilating force of the CSF in progressing hydrocephalus is relieved by an effective CSF shunt from the ventricles, it is probable that both the aqueduct and the ventricle wall collapse (Fig.  2B, and Fig. ~C) . The redundant wall of the aqueduct may actually fold in so that the scarring effect created by the interstices between the ependymal cells, actually pinches off part of the invaginating wall to produce an apparent "forking." In the same way opposite walls no longer held open by pulsatile CSF flow may come in contact with each other and obliteration of the lumen occurs through fibrosis of the interspaces between the ependymal cells. This process need not be related to any inflammatory process per se.
This process may have been a factor in our patients; but further review indicates that multiple opportunities existed for additional inflammatory reactions in the ependyma as well. Blood in the CSF does produce an inflammatmT reaction, even "hemogenic meningitis," resulting in communicating hydrocephalus. It seems probable that this was the major cause of the initial communicating hydrocephalus in these patients; moreover it seems logical to assume that blood in the CSF was also a contributing factor in producing the later occlusion or stenosis of the aqueduct since blood was present in the CSF in all of these patients during the interval in which aqueductal changes occurred (Table 5) .
No reaction to positive contrast media can be postulated since no positive contrast materials were used in any of these cases. In instances actual ventriculitis and infection may have been further factors producing chronic inflammatory changes.
We would like to emphasize a practical consideration relating to the long-term care of hydrocephalic children carried on ventricular CSF shunts. In our experience with over 100 hydrocephalic children carried on ventriculo-atrial shunts during the past 7 years, we have been able to achieve a "shuntfree" child in only one case. We have, on the other hand, had complications which required that the shunt be removed, such as septicemia and partial caval thrombosis. Since CSF shunting was still required, however, another type of CSF shunting procedure had to be established. We have used either a temporary ventriculo-mastoid shunt, or a ureteral shunt. A lumbar subarachnoidureteral shunt is the procedure of choice. The appearance of aqueductal stenosis in the interval since the original diagnosis of communicating hydrocephalus, can make this shunt a threat to life. We experienced this in the first case. Complete re-evaluation of the hydrocephalus should always be done prior to establishment of any new type of shunt in a patient requiring prolonged CSF shunting. It is probable that periodic repetition of the initial diagnostic study is in order.
We are forced to conclude that repeated contrast studies of the cerebral ventricles, including CSF clearance studies of various types, are hazardous. Possibly even ventricular taps should be done only under the most dire circumstances in order to minimize ependymal trauma with attendant bleeding into the CSF.
The appearance of acquired aqueductal stcnosis or occlusion in these patients with communicating hydrocephalus may supply an explanation for the frequently occurring situation in which the child's head enlarges rapidly in infancy, ceases progression for several years, and then suddenly begins to enlarge rapidly with increased intracranial pressure requiring operative relief. Presumably the initial hydrocephalus, whether communicating or due to aqueductal stenosis or a combination of both without occlusion, became "arrested" at an early age. Only a large head then remained as evidence and the CSF pressure was normal. No progression of the hydrocephalus occurred until an inflammatory reaction in the aqueduct or basal cisterns caused further occlusion of the aqueduct and other CSF spaces. A mild head injury producing slight bleeding into the CSF may have initiated the change, or a minimal ventriculitis of other etiology. The cause of these rather sudden "flare-ups" of hydrocephalus has heretofore remained un.-explained. Summary 1. We have presented 12 patients in whom the original pneumoencephalographic diagnosis of communicating hydrocephalus was altered during the period of chronic ventriculo-atrial shunt. The new finding was that of stenosis or occlusion of the aqueduct as demonstrated by subsequent appropriate air studies.
~. We believe that blood in the basal cisterns and CSF is the basic cause of the CSF block in the original communicating hydrocephalus, and that blood in the ventricular CSF is also a major contributing factor to the subsequent changes leading to occlusion and stenosis of the aqueduct.
3. It is not clear whether these changes in the aqueduct are related to CSF circulation diversion, but we do know that marked reduction of ventriculomegaly by the shunt may cause collapse of the aqueduct. This collapse may encourage primary scarring in the interstices between the previously stretched ependymal cells and so produce occlusion and even form "forking" of the aqueduct by pinching off segments of the collapsed aqueduct wall.
4. Ventricular ependymitis or ventriculitis due to bacterial infection is another type of inflammatory reaction that may produce this change in the aqueduct.
5. We strongly recommend that ventricular taps and punctures as well as ventricular catheter (shunt) manipulations be kept at an absolute minimum in patients who have communicating hydrocephalus treated on a long-term basis by ventriculo-atrial shunting or other shunting procedures.
6. A complete pneumoencephalographicventriculographic study should be accomplished in all patients with communicating hydrocephalus in whom chronic ventricular CSF shunting has been present for any period of time, and in whom a different shunt procedure is now contemplated. Converting from a ventricular shunt to a subarachnoid shunt may be contra-indicated due to recently acquired stenosis of the aqueduct.
